Introduction
Less than 1% of fractures occur in the talar neck [1] . Due to the complex vascularisation and the large weight bearing surface of the talus the correct treatment of fractures is very important. Talar neck fractures are known to have a high morbidity, being subject to avascular necrosis (AVN), arthritis and non-union of the talar fragments. Given the uncommon nature of talar fractures most studies included few patients, and there is room for discussion as to the correct treatment and risks following the talar neck fracture. Further, different classifications have been used, making a comparison between studies unreliable. In this article we discuss the treatment and outcome of three patients with dislocated talar neck fractures. Further, literature is reviewed and guidelines for treatment and follow up on this rare type of fractures are discussed.
Case reports

First case
The first patient discussed is a 19-year old motorcyclist, without medical history, who fell off his bike during acceleration. He sustained a medial subtalar luxation with a talar neck fracture type Hawkins II (Fig. 1 ). The skin was intact and there was no neurovascular compromise. Treatment consisted of closed reduction under general anaesthesia followed by cast immobilisation for six weeks. Radiological follow-up at six and twelve weeks showed subchondral lucency of the talar dome. This is called a Hawkins sign and occurs secondary to subchondral atrophy 6-8 weeks after a talar neck fracture. It indicates that there is sufficient vascularity in the talus and it is less likely to develop an avascular necrosis. Fracture healing was uneventful and the patient reported no complaints of pain or limitation in activities during the 19 months follow up.
Second case
A 51-year old male, without relevant medical history, who fell off a ladder, landing on his left ankle. He had a severe medial dislocation of the ankle with a lateroventral open luxation of the talus. Sensibility and vascularisation of the foot were normal. Radiography showed a tibiotalar and subtalar dislocation, classified as a Hawkins III fracture (Fig. 2 ). Attempts at closed reposition failed. Patient was taken to theatre where open reduction was successful and fixation of the comminuted fracture was performed with two k-wires and two screws. An external fixator was placed to assure stability. Antibiotics were prescribed because of the open nature of the fracture. No complications occurred and ten weeks after surgery there were no signs of avascular necrosis on radiologic imaging. Two years after the initial treatment the patient suffered from local pain. CT radiography showed mild subtalar and talonavicular arthritis, moderate collapse of the talar dome and a bony impingement exactly at the location of the complaints. Considering the location of the pain and the radiographic findings an arthroscopic nettoyage of the involved region and a k-wire removal was performed with good results. Three years after the incident the patient has resumed sporting activities and only reports minor pain, after intensive sporting activities, which is manageable without pain killers.
Third case
A 51-year old smoker male without relevant medical history. He was involved in a high-energy motor vehicle accident and suffered from several injuries amongst which a severely dislocated talar fracture type Hawkins IV ( Fig. 3 ), without neurovascular compromise. Treatment consisted of open reduction followed by an external fixator to maintain adequate reposition and to monitor the soft tissues. Sixteen days post injury internal fixation was performed. X-rays six and twelve weeks post injury did not indicate avascular necrosis of the talus. After ten months a subtalar arthrodesis with a cannulated screw and iliac crest bone graft was performed because of pain caused by arthritis due to incongruent articulating surface. Rehabilitation was complicated by a wound infection. Patient did regain limited motion of the ankle joint but pain persisted. CT scans showed a non-union of the talar fracture, the vascularity of the talus could not be determined by the CT scan. After screw removal a MRI was performed. This showed an avascular talus (Fig. 4 ). The combination of avascular necrosis, low-grade infection and pain warranted a talectomy followed by a tibiocalcanear fusion. Six weeks after surgery patient resumed weightbearing activities. One year after tibiocalcanear fusion patient is in good physical condition and fairly pain free with transcutaneous electro neuro stimulation.
Background
The first publication describing a talar fracture was authored by Franciscus of Hilden in 1608: "the Rev. Master Voolfbrand of Duisburg, a man strong and fleshy, in jumping from a bank three feet high so twisted and broke his right foot that the whole of the os tali was not only displaced but the ligaments by which it is bound to the other bones, being broken, it burst through the skin and hung out." The first large series of patients were described in 1919 by Anderson, a consulting surgeon of the British royal air force [2] . He reported 18 cases from 1914 to 1918, all of them being pilots with their feet resting on the rudder pedal in dorsiflexion while they crashed their airplanes. During those days talectomy was the only known treatment. Until the 1970's over 50% of dislocated talar fractures resulted in avascular necrosis. Nowadays, the outcome has strongly improved with the present available diagnostic and operative options available [3, 4] .
Anatomy and vascularisation
The high risk of avascular necrosis and arthritis of the talar bone can be explained by the limited vascularisation and the vast articulating surface of the bone. The combination of the rarity of the condition and the fragile vascularisation provide a complex problem. The extra osseous vascularisation consists of three arteries: (1) the posterior tibial artery, which provides blood flow to the deltoid artery and the tarsal tunnel; (2) the anterior tibial artery providing the lateral tarsal artery and; (3) the perforating peroneal arteries providing the tarsal sinus artery. These three arteries form multi- ple anastomoses that perfuse the talar neck from the tarsal sinus.
In case of a talar trauma with dislocation this blood supply from the talar neck to the talar corpus is interrupted. In such cases the talar corpus is only perfused by the deltoid artery (branching from the posterior tibial artery), enhancing the risk of avascular necrosis [3] .
Classification of talar fractures
The modified Hawkins classification considers, beside the grade of fracture dislocation, the severity of vascular damage possibly causing avascular necrosis of the talus [5, 6] . The classification extends from a Hawkins I fracture, where there is no dislocation to Hawkins IV with severe dislocation in reference to all articulations (Table 1 ).
Complications
Persisting pain is a frequent recurring complaint after a talar fracture [7] . Considering the seven different articulations the talus forms, it is nearly impossible to reconstruct the articulating surfaces according to the anatomical position after a complex fracture. Patients two and three developed arthritis within two years of reconstruction, requiring arthroscopic nettoyage and arthrodesis respectively. Arthritis often occurs, especially in Hawkins III or IV fractures. 24%, 32%, 38% and 48% of patients with Hawkins III or IV fractures develop arthritis after respectively 1, 2, 3 and 10 years [7] . Arthritis is most often treated by subtalar arthrodesis followed by tibiotalar arthrodesis and triple arthrodesis.
Follow up
During follow up the treating physician should always keep the possibility of avascular necrosis in mind. Signs of revascularisation can be seen on ankle radiographs six to twelve weeks after trauma. The Hawkins sign describes subchondral lucency of the talar dome that occurs secondary to subchondral atrophy due to inactivity six to eight weeks after a talar neck fracture. It indicates that there is sufficient vascularity in the talus and it is unlikely to develop an avascular necrosis later [8, 9] . In case of combined non-union of the fracture and persisting pain diagnostics should be performed to confirm avascular necrosis. Necrosis of the talar bone alone is not an indication for surgery, only in case of persisting pain and disability due to talar dome collapse operative options should be considered. In case of avascular necrosis of the talus talectomy with tibiocalcanear fusion is favoured over talar prosthesis or more rigorous interventions such as partial amputation as was customary in the 1980s [10] .
Review of literature
This literature review is based on a PubMed search for keywords 'talus' and 'fracture'. We excluded articles written in languages other than English, German and Dutch, cadaveric studies, case reports and studies focussing on primary arthrodesis. Twenty-one studies remained of which we evaluated all abstracts, ten articles where available in full text. Nine studies used the Hawkins classification, the tenth study applied the Coltart classification. Results are shown in Table 2 . In 2013, Halvorson et al. [11] reviewed a total of twenty-one articles. Since not all articles in their review were available in full text, only the available studies were included and listed in Table 2 .
All studies were retrospective in their design. A total of 600 fractures of the talar neck were reported in these ten studies. The overview of demographic data is listed in Table 2 . Three out of nine studies using the Hawkins classification did not apply the Hawkins IV category. Arthritis rate was reported in five studies. Avascular necrosis (AVN) rates reported an overall incidence of 27% (161/600). Seven studies specified the incidence of AVN per group in the Hawkins classification as shown in Table 3 [11] . Vallier et al. has shown that the rate of AVN was not influenced by delayed definitive internal fixation [12] . This study however was underpowered to draw conclusions from the influence of delay in fracture reduction on AVN development [12] .
Development of arthritis was reported in five studies, with an incidence of 54% involving the tibiotalar, subtalar, talonavicular or a combination of these joints. The included studies did not relate injury severity to the rate of arthritis development, therefore it was impossible to correlate posttraumatic arthritis to injury severity.
Discussion
This article aimed to provide a literature overview of talar fractures illustrated by three cases of dislocated talar fractures with their respective outcome. Talar neck fractures are rare and have a high risk of avascular necrosis depending on the severity of fracture dislocation. Outcome benefits from early fracture reduction limiting the degree of compromise resulting in avascular necrosis. Definitive fracture fixation however, can be delayed and should be performed by an experienced surgeon to assure optimal anatomical reconstruction of the articulating surfaces [3, 4, 15, 16] . Literature does not show a clear consensus about a beneficial effect of immediate reduction combined with definitive fixation to reduce the risk of avascular necrosis. Most studies do not show a significant relation as to the timing of operative fixation of the fracture [3, 4, 15, 16] . The risk of developing avascular necrosis depends on the initial trauma with associated vascular damage. It is rarely possible to perform a closed reduction in dislocated talar neck fractures due to interposition of soft tissue, mostly the flexor hallucis longus muscle. If closed reposition succeeds with a near anatomical position of the articulating surfaces the fracture can be treated conservatively as was done in patient one.
Halvorson et al. [11] concluded in his review that there was a correlation between the severity of talar neck fractures according to the Hawkins classification and avascular necrosis. The review showed a low incidence of avascular necrosis after a Hawkins IV fracture, which can be contributed to the fact that only 4,5% of fractures were classified as Hawkins IV and that until 1977 Hawkins IV classification did not exist. In several other studies a 100% incidence of avascular necrosis in the Hawkins IV categories is shown due to vascular compromise of the talus [8, 13, 14] . This is in accordance with the clinical course of patients two and three.
The most sensitive diagnostic tool for avascular necrosis is MRI. Ten weeks after the initial trauma diagnosis of (partial) avascular necrosis can be made [17] . MRI within three weeks after trauma is very unreliable [18, 19] . Downside of MRI is the requirement of osteosynthesis removal.
One limitation of this literature review is that we included full-text articles from Pubmed only. Although this might limit the number of usable studies, we feel that it enhances the reliability of the numbers presented.
Conclusion
Talar neck fractures are rare and are characterised by high risk of avascular necrosis depending on the severity of the fracture and its dislocation. Reduction of dislocated talar neck fractures is a surgical emergency to minimize the vascular compromise. Definitive fixation of the fracture can be delayed and should be performed by an experienced surgeon to obtain optimal reconstruction of the articulating surfaces. The risk of developing avascular necrosis depends on the initial trauma. Arthritis and avascular necrosis occur frequently after severely dislocated fractures such as Hawkins III and IV, causing high morbidity. Careful follow-up is of great importance to provide adequate care.
